The sequence of three alcohol dehydrogenase alleloenzymes from the fruitfly Drosophila melanogaster has been determined by the sequencing of peptides produced by trypsin, chymotrypsin, thermolysin, pepsin and Staphylococcus aureus-V8-proteinase digestion. The amino acid sequence shows no obvious homology with the published sequences of the horse liver and yeast enzymes, and secondary structure prediction suggests that the nucleotide-binding domain is located in the N-terminal half of the molecule. The amino acid substitutions between AdhN-ll (a point mutation of AdhF), Adhs and AdhUF alleloenzymes were identified. AdhN-ll alcohol dehydrogenase differed from the other two by a glycine-14-(Adhs and AdhUF)-to-aspartic acid substitution, the Adhs enzyme The fruitfly Drosophila melanogaster produces large amounts of a low-molecular-weight dimeric alcohol dehydrogenase (EC 1.1.1.1) that apparently lacks a requirement for a metal cofactor. This enzyme continues to be the object of much study both in population and molecular biology. A large amount of information has now accumulated on the amount and distribution of allelic variation at the alcohol dehydrogenase (Adh) locus (Vigue & Johnson, 1973; David, 1977) and mechanistic theories accounting for this variation have received some experimental support (Clarke, 1975) . The Adh locus has been mapped cytogenically (O'Donnell et al., 1977; Woodruff & Ashburner, 1979a,b), and its genetic fine structure has been investigated by the analysis of allelic recombination and by the use of DNA-cloning methods.
(AdhS) substitution and the AdhUF enzyme was found to differ by an alanine-45-(Adhs and AdhN-ll)-to-aspartic acid (AdhUF) charge substitution and a 'silent' asparagine-8-(AdhS and AdhN-ll)-to-alanine (AdhUF) substitution. Detailed sequence evidence has been deposited as Supplementary Publication SUP 50107 (36 pages) at the British Library Lending Division, Boston Spa, Wetherby, West Yorkshire LS23 7BQ, U.K., from whom copies can be obtained on the terms indicated in Biochem. J. (1978) 169, 5.
The fruitfly Drosophila melanogaster produces large amounts of a low-molecular-weight dimeric alcohol dehydrogenase (EC 1.1.1.1) that apparently lacks a requirement for a metal cofactor. This enzyme continues to be the object of much study both in population and molecular biology. A large amount of information has now accumulated on the amount and distribution of allelic variation at the alcohol dehydrogenase (Adh) locus (Vigue & Johnson, 1973; David, 1977) and mechanistic theories accounting for this variation have received some experimental support (Clarke, 1975) . The Adh locus has been mapped cytogenically (O'Donnell et al., 1977; Woodruff & Ashburner, 1979a,b) , and its genetic fine structure has been investigated by the analysis of allelic recombination and by the use of DNA-cloning methods.
The present paper describes the primary protein sequence of three allelic variant enzymes in D. melanogaster. Partial sequences of this enzyme have been published by Schwartz & Jornvall (1976) . Thatcher & Camfield (1977) , Fletcher et al. (1978) , Abbreviation used: SDS, sodium dodecyl sulphate.
Vol. 187 Auffret et al. (1978k, and Retzios & Thatcher (1979 Edinburgh, Edinburgh, Scotland, U.K.) . Flies were maintained and grown in bulk by using large-population cages as described by Thatcher (1977) . Cages were used for egg laying only and larvae were cultured in plastic boxes 20 cm x 32 cm x 7 cm on a cornmeal/molasses medium. Larvae were collected at the third-instar stage of development by floating in 14% (w/v) sucrose solutions. Only one strain was grown in bulk at any one time and stocks were maintained in a separate room to avoid contamination. was purified by a modification of the methods of Drapeau et al. (1972) and Ryden et al. (1974) . Toluene-p-sulphonic acid and phenyl isothiocyanate were obtained from the Pierce Chemical Co., P.O. Box 117, Rockford, IL, U.S.A. Sephadex grades, Sepharose 4B and Pharmalyte ampholytes were purchased from Pharmacia (G.B.) Ltd., Hounslow, Middx., U.K. Ion-exchange celluloses and chromatography paper were obtained from Whatman Biochemicals, Maidstone, Kent, U.K. Acrylamide monomer and NN'-methylenebisacrylamide were bought from the Eastman-Kodak Chemical Co., Rochester, NY, U.S.A. Thin-layer cellulose plates were obtained from E. Merck, Darmstadt, Germany, and fluorescamine was kindly given by Dr. J. Hermoso, Instito de Biologia, Madrid, Spain. All other laboratory reagents and biochemicals were obtained from BDH Ltd., Poole, Dorset, U.K.
Protein purification
The enzyme from strain AdhUF was purified to homogeneity (on the basis of a single band on an SDS/polyacrylamide gradient gel) by the method described by Thatcher (1977) . The enzyme was also prepared from strain-AdhN-ll flies by this method, the inactive enzyme being detected by SDS/polyacrylamide-gel electrophoresis. Adhs enzyme was prepared by the following variation of the general method. The (NH4)2SO4 fraction was prepared as described previously (Thatcher, 1977) (1977) .
Isoelectricfocusing
Isoelectric focusing was performed in thin-layer agarose gels (Agarose-EF; LKB, Bromma, Sweden) by using an LKB Multiphor apparatus as directed by the makers. The gel was prepared by boiling 0.264 g of sorbitol and 3.3 g of agarose in 30 ml of water for 10min in a refiux apparatus. The gel solution was then cooled to 600C and 2ml of wide-range (pH 3-10) Pharmalytes added before pouring on to a clean glass plate. On setting, the gel was blotted with Whatman no. 3 chromatography paper for 10min and the samples applied. Isoelectric focusing occurred after 3 h at 5 W constant power, when the coloured marker proteins, cytochrome c-551 and azurin, formed compact bands. The pH gradient was measured with a 3 mm2-area flat-ended pH-electrode (Russell pH Ltd., Auchtermuchty, Fife, Scotland, U.K.).
Sequencing methods
All the methods used were either described or cited in Thatcher (1975) , Ambler & Wynn (1973) and Ambler (1973) . Oxidized protein was digested with proteinases and the resulting peptides purified by Sephadex G-25 gel filtration, followed by high-voltage paper electrophoresis and chromatography. The N-terminal sequence of some of the large peptide fragments was investigated with an automatic sequencer (Beckman model 890A) by using a succinylated (3-carboxypropionylated) myoglobin carrier and the NN-dimethylbenzylamine double-cleavage program recommended by the makers. Amide residues were assigned from the electrophoretic mobilities of isolated peptides and by release of amino acids by leucine aminopeptidase. Peptides were also purified on t.l.c. plates by using the solvent systems described by Holder & Ingversen (1978) . Many of the tryptic and staphylococcal-V8-proteinase-digested peptides were extremely hydrophobic and could not be separated by paper methods. These fragments were purified by chromatography on DEAE-and CM-cellulose columns in 6 M-urea buffers. Columns (1 cm diam. x 10 cm) of the ion-exchange celluloses were equilibrated with 0.02M-ammonium acetate, pH7.5
(DEAE-cellulose columns) or pH 6.0 (CM-cellulose columns) buffers. The peptide samples were diluted with the appropriate equilibration buffer and applied to the column. Peptides were eluted with a linear gradient of 0-0.15 M-NaCl and were located by their u.v. absorbance at 280 and 254nm. After freezedrying, the peptides were desalted into 5% (v/v) formic acid. This method produced peptide fractions of varying purity, and homogeneity was DROSOPHILA ALCOHOL DEHYDROGENASE established by amino-acid analysis and analytical peptide 'mapping' with chymotrypsin. Amino-acid analysis was performed with a Rank-Hilger J182 Chromaspek amino-acid analyser after hydrolysis in 6 M-HCl or 3 M-toluene-p-sulphonic acid.
A 1.5-2 mmol sample of alcohol dehydrogenase was used in each proteinase digestion. Tryptic, thermolytic and chymotryptic digests were performed in 0.2 M-ammonium acetate buffer, pH 8.5, at a proteinase/substrate ratio of 40: 1 (w/w). Pepsin digestion was carried out in a 10% (v/v) aqueous solution of formic acid, at a protein/proteinase ratio of 80: 1 (w/w). Staphylococcus aureus V8-proteinase digestions were performed in 0.2M-ammonium acetate buffer, pH 4.5, at an enzyme/substrate ratio of 1: 20 (w/w). Digestions were at 370C for 4 h and were terminated by freeze-drying.
Results
Two major electrophoretic variants of alcohol dehydrogenase occur in natural populations of Drosophila melanogaster, namely the AdhF or 'fast' enzyme, and Adhs or 'slow' enzyme (Johnson & Dennison, 1964) . Certain populations of D. melanogaster also contain low frequencies of three other electrophoretic types called 'ultra-fast' Adh/UF, 'ultraslow' Adhus and a slightly-faster-than-'fast' enzyme called AdhF'. These differences in electrophoretic mobility are caused by marked differences in isoelectric point between the enzymes (Fig. 1) . Each alleloenzyme is also associated with small amounts of two electronegative multiple forms that have been postulated as products of an interaction between the enzyme and NAD+ adducts (Schwartz & Sofer, 1976a) but could also be explained by deamidation of the major 'isoenzyme' (see below).
The complete amino-acid sequences of the enzyme produced by AdhUF, Adhs, and AdhNll strains has been determined. AdhN-11 is an ethylmethanesulphonate-induced mutation of the AdhF allele (O'Donnell et al., 1977) . Apart from the AdhN-1 mutant substitution, it is assumed that the primary sequence of the Adh/N-11 enzyme is equivalent to that of AdhF, the allele from which it was derived. A complete description of the quantitative results obtained in this work has been deposited as Supplementary Publication SUP 50107. The sequence of the AdhF enzyme is presented in the one-letter code in Fig. 2 and a summary of the data used to deduce this sequence is shown in Fig. 3 (1977) . The number of residues/molecule of enzyme subunit was calculated from these data by using a divisor of 5.91, which gave the best fit for an enzyme of mol.wt. 27000. Column 4 shows the theoretical composition of the AdhF alleloenzyme determined from Fig. 3 Acetyl-Ser-Phe-Thr-Leu-Thr-Asn-Lys-Asn-Val-Ile-Phe-Val-Ala-Gly-Leu-Gly-Gly-Ile-Gly-Leu-Asp-Thr-Ser-Lys-Gln-...
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,-l _t. Fig. 3 . Summary ofthe data used to deduce the sequence of the alcohol dehydrogenases Peptides produced by digestion with trypsin (T), chymotrypsin (C), thermolysin (H), pepsin (P) or staphylococcal proteinase V8 (S) are denoted by . Peptides are numbered from the N-terminus and those from the same digest covering the same section of sequence are labelled by the major peptide number followed by a,b, etc. Subdigest peptide (-) are named first by the number of the parent peptide and secondly by a letter denoting the subdigest proteinase e.g. T1 lbC2 is the second peptide obtained from tryptic peptide 1 lb by subdigestion with chymotrypsin. All peptides were analysed quantitatively for amino acid composition but those marked * were substandard and those Although this enzyme shows no enzyme activity, Schwartz & Sofer (1976b) showed that Adh/F/ AdhN-ll heterozygotes produced an electrophoretic banding pattern best explained by postulating an ultra-fast electrophoretic mobility for the AdhN-ll protein. The substitution identified would, if it were in an exposed position on the surface of the molecule, account for the unit change in net charge of the AdhF/AdhN-ll hybrid enzyme. The enzyme produced by AdhUF differs from the AdhN-1l and Adhs enzymes by an alanine-45-(AdhN-ll and Adhs)-to-asparagine substitution, which is all that is necessary to account for the changed electrophoretic mobility of this electrophoretically ultra-fast alleloenzyme. Peptides T2 and C2 had alanine at position-8 when derived from AdhUF protein, but asparagine in the AdhUF and AdhN-ll enzymes.
As described previously, Adhs differed from the AdhUF and AdhN-ll enzymes by a threonine-192-to-lysine (AddhF -.Adhs) substitution (Retzios & Thatcher, 1979; Fletcher et al., 1978) .
Discussion
The alcohol dehydrogenase of Drosophila melanogaster consists of two identical subunits, each 254 residues in length and of mol.wt. 27400. The enzyme is consequently much smaller in size than the enzyme from horse liver (374 residues/monomer) and yeast (347 residues/monomer (Jornvall et al., 1978) . The Drosophila enzyme shows no significant similarity in sequence with these two other alcohol dehydrogenases and no homology with mouse dihydrofolate reductase or Klebsiella aerogenes ribitol dehydrogenase, which are dehydrogenases of similar low molecular weight (186 and 247 residues respectively) (Dayhoff, 1978) . The enzyme from Drosophila also contains considerably less cysteine than either horse liver or yeast alcohol dehydrogenase, and the enzyme has no known requirement for a metal cofactor. Secondary-structure prediction by the method of Chou & Fasman (see the Appendix) suggests the presence of a fiafla/I super-secondary structural unit (Chothia et al., 1977) in the N-terminal half of the molecule. Enzymes that bind nucleotide coenzymes possess a domain invariably constructed from the fiafi unit [the nucleotide-binding or 'Rossman' fold (Rossman et al., 1974) ]. If the prediction on the Drosophila sequence is accurate, and this enzyme is similar in secondary structure to other dehydrogenases, then the nucleotide-binding domain is N-terminal, in contrast with the horse liver and yeast enzymes, which have a C-terminal nucleotide-binding fold. In the face of such large differences in primary and secondary structure, the conclusion that the Drosophila enzyme is totally unrelated to the horse liver and yeast enzymes is inescapable.
